The mechanisms underlying cognitive and neurobehavioral abnormalities associated with childhood exposure to manganese (Mn) are not well understood but may be influenced by neuroinflammatory activation of microglia and astrocytes that results in nitrosative stress due to expression of inducible nitric oxide synthase (iNOS/NOS2). We therefore postulated that gene deletion of NOS2 would protect against the neurotoxic effects of Mn in vivo and in vitro. Juvenile NOS2 knockout (NOS2 2/2 ) mice were orally exposed to 50 mg/kg of MnCl 2 by intragastric gavage from days 21 to 34 postnatal. Results indicate that NOS2 2/2 mice exposed to Mn were protected against neurobehavioral alterations, despite histopathological activation of astrocytes and microglia in Mn-treated mice in both genotypes. NOS2 2/2 mice had decreased Mn-induced formation of 3-nitrotyrosine protein adducts within neurons in the basal ganglia that correlated with protection against Mn-induced neurobehavioral defects. Primary striatal astrocytes from wildtype mice caused apoptosis in cocultured striatal neurons following treatment with MnCl 2 and tumor necrosis factor-a, whereas NOS2 2/2 astrocytes failed to cause any increase in markers of apoptosis in striatal neurons. Additionally, scavenging nitric oxide (NO) with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) prevented the ability of Mn-and cytokine-treated wildtype astrocytes to cause apoptosis in cocultured striatal neurons. These data demonstrate that NO plays a crucial role in Mn-induced neurological dysfunction in juvenile mice and that NOS2 expression in activated glia is an important mediator of neuroinflammatory injury during Mn exposure.
Manganese (Mn) is an essential element that functions as a cofactor for numerous homeostatic and trophic enzymes in the central nervous system (CNS) but at abnormally high intake levels Mn accumulates in the brain and causes neurotoxicity (Aschner et al., 2009) . Excessive environmental or dietary exposure leads to neuroinflammation in the CNS, particularly in the striatal-pallidum and substantia nigra pars reticulata, resulting in loss of striatal dopamine (DA) and motor features resembling, but distinct from, Parkinson's disease (Calne et al., 1994; Newland et al., 1989; Perl and Olanow, 2007) . Patients suffering from Mn neurotoxicity often experience neuropsychological effects such as cognitive deficiencies, irritability, and anxiety, which have been extensively documented (Bouchard et al., 2008; Bowler et al., 2006; Wasserman et al., 2006; Woolf et al., 2002) . Epidemiological studies also indicate adverse neurological affects such as hyperactivity, learning, and cognitive disabilities in children consuming water with levels of Mn exceeding 300 lg/l (Bouchard et al., 2007 (Bouchard et al., , 2011 Wasserman et al., 2006; Zhang et al., 1995) . Animal studies describing neurological and behavioral effects of early developmental Mn exposure suggest that there is a sensitive developmental period during which damage to the dopaminergic system can lead to lasting impacts into adulthood (Dorman et al., 2000; Moreno et al., 2009b) . Studies of Mn exposure in rodents have generally focused on adult animals, and there is subsequently much less information regarding the effects of Mn exposure during juvenile development.
Neuropathology in manganism is associated with robust astrogliosis in the basal ganglia (Olanow, 2004) , and studies conducted in our laboratory and others suggest that glialderived inflammatory cytokines and nitric oxide (NO) influence the progression of neuronal injury (Filipov et al., 2005; Liu et al., 2005 Liu et al., , 2006 Moreno et al., 2009a,b; Verina et al., 2011) . Increased expression of NOS2 by activated glial cells in response to Mn results in nitrosative stress throughout the basal ganglia (Moreno et al., 2009a) and enhanced apoptosis within selected populations of neurons in the globus pallidus and striatum . NOS2 is exclusively expressed in glia and produces high levels of NO, which forms highly reactive peroxynitrite anion (ONOO À ) upon combining with superoxide (O 2 À ), resulting in electrophilic nitration of cellular proteins that damages neurons (Ischiropoulos, 2003) . Peroxynitrite-mediated nitrosative stress is implicated in a number of neurological disorders, including Alzheimer's disease (Smith et al., 1997 ), Parkinson's disease (Jenner, 2003) , and Mn neurotoxicity (Moreno et al., 2009a) .
NOS2 is predominantly regulated by the Rel-family transcription factor, nuclear factor kappa B (NF-jB) (Xie et al., 1993) , and previous studies indicate that expression of NOS2 in response to Mn both in vitro and in vivo requires activation of NF-jB (Filipov et al., 2005; Moreno et al., 2008 Moreno et al., , 2011 . Recent studies from our laboratory found that Mn exposure in juvenile transgenic mice (NF-jB-driven EGFP reporter) caused increased neuronal protein nitration and astrocytic expression of NOS2 and NF-jB-EGFP that was inhibited in vivo by estrogen (Moreno et al., 2011) . In studies using the dopaminergic neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), pharmacological or genetic inhibition of NOS2 expression in mice prevented MPTP-mediated neuronal injury (Du et al., 2001; Liberatore et al., 1999; Wu et al., 2002) . However, it is unknown whether ablation of NOS2 expression is sufficient to prevent Mn-induced neuroinflammation and neuronal injury in developing mice.
To directly test the role of glial-derived NO in Mn-induced neurological dysfunction, we used NOS2 knockout mice (Laubach et al., 1995; Liberatore et al., 1999; Wu et al., 2002) to address the question of whether this isoform is directly involved in the glial inflammatory response leading to neuronal nitration and behavioral dysfunction in juvenile mice orally exposed to Mn. We postulated that mice lacking NOS2 (NOS2 À/À ) would be protected against the neurotoxic effects of Mn. Our results indicate that loss of NOS2 attenuates Mnrelated peroxynitrite adduct formation in the striatal-pallidum and substantia nigra pars reticulata associated with alterations in neurobehavioral function and neurochemistry in vivo and also prevents astrocyte-mediated neuronal apoptosis in vitro. Collectively, these data implicate Mn-induced production of NO by glial cells in the mechanism of neurotoxicity and behavioral alterations in developing mice.
MATERIALS AND METHODS
Animal model. Three-week-old male wildtype (C57Bl/6) and NOS2-deficient mice (NOS2 À/À ; B6.129P2-Nos2 tm1Lau /J, bred to congenicity onto a C57Bl/6 background) were obtained from the Jackson Laboratory (Bar Harbor, Maine), and littermates were exposed to 0.9% saline (control) or 50 mg/kg MnCl 2 by daily intragastric gavage. Only male mice were used, given their increased sensitivity relative to females, as we previously reported (Moreno et al., 2009b) . The dose of Mn was adjusted for the molar stoichiometry in the tetrahydrate form and administered at 50 mg/kg based upon daily weighing of each animal. The dosing regimen was based upon previous data from our group, and others demonstrating that juvenile mice and rats exposed to similar doses (30-50 mg/kg/oral) displayed behavioral alterations and increased expression of neuroinflammatory biomarkers Moreno et al., 2009a) . Mice (n¼ 7-10 animals per group) were treated for 2 weeks (days 20-34 postnatal) prior to termination for neurochemical and immunohistochemical analysis. Animals were kept on a 12-h light/dark cycle and provided water and standard laboratory chow ad libitum (2018 Harlan-Teklad Global 18% Protein Rodent Diet). This diet contains low levels of essential trace elements, including 118 lg/g Mn and 225 lg/g Fe, yielding a baseline consumption of approximately 0.2-0.3 mg Mn per day for juvenile mice (juvenile mice consume 2-3 g chow per day), in addition to the delivered dose of Mn, which was 0.3-0.75 mg Mn per day for mice ranging from 10 to 25 g during this period of juvenile development. All procedures were performed under a protocol approved by the Institutional Animal Care and Use Committee at Colorado State University under the care of veterinary staff at the Laboratory Animal Resources Facility.
Neurobehavioral analysis. Mice were preconditioned 1 day prior to open field activity parameters using Versamax behavior chambers with an infrared beam grid detection array to assess animals movements in X, Y, and Z planes. Multiple behavioral parameters pertaining to basal ganglia function were collected and analyzed using VersaDat software (Accuscan Instruments, Inc., Columbus, OH), including total distance traveled, number of movements, rearing activity, and margin time as previously studied in our laboratory . Activity measured juvenile exposure every other day for 2 weeks during the period of oral gavage. Anxiety behavior was determined using the elevated plus maze for mice according to Walf and Frye (2007) that was conducted prior to termination on day 34. Briefly, mice were individually assessed in a 30 3 5 3 15 cm open/closed arm chamber for 5 min and recorded by video for data collection, analysis recorded observed time spent in open arms versus closed arms. Catecholamines and monoamines were determined by high-performance liquid chromatography with electrochemical detection (Vanderbilt University, Center for Molecular Neuroscience core facility). Levels of Mn and other trace metals were determined by inductively coupled plasma mass spectrometry as we previously reported (Moreno et al., 2009b) .
Immunohistochemistry and immunofluorescence. Mice were anesthetized by isofluorane inhalation and perfused intracardially as published previously by our laboratory (Moreno et al., 2009a) . Briefly, brains were collected and fixed in 4% paraformaldehyde for 4-6 h and stored in graded sucrose and 0.1M NaKPO 4 buffer at 4°C. Brains were embedded in optimal cutting temperature compound and cut in 10lM coronal serial sections for examination for immunohistochemistry. For gliosis, primary antibodies to glial fibrillary acidic protein (GFAP) (1:500; Sigma, St Louis, MO) and IBA1 (1:500; Wako, Osaka, Japan) were used. The substantia nigra pars reticulata (SN) and striatum-pallidum (ST) regions were evaluated due to their known susceptibility to Mn neurotoxicity (Moreno et al., 2009a; Olanow, 2004; Verina et al., 2011) . Sections were developed using horseradish peroxidaseconjugated secondary antibodies and diaminobenzidine reagents from the Vectastain ABC Kit. Bright field images were collected from each region and scored blinded by a veterinary pathologist for glial morphology and pathological scoring as previously detailed (Moreno et al., 2009a) . For coimmunofluorescence studies, sections from the ST and SN were incubated with Anti-neuronal nuclear antigen (NeuN) (1:500; Millipore, Bedford, MA) and 3-nitrotyrosine (3NT) (1:100; Millipore) antibodies in combination to assess levels of protein nitration in neurons. Specific protein epitopes were visualized with secondary antibodies labeled with Alexa Fluor 488 or 647 (Molecular Probes, Eugene, OR), and slides were mounted in media containing 4#,6-diamidino-2-phenylindole (DAPI) to identify cell nuclei. Serial sections were systematically imaged using common anatomical landmarks, and fields were selected based upon unbiased acquisition of fields using DAPI. Fluorescence intensity was quantified by masking the sum intensity per field of 3NT fluorescence in areas expressing NeuN. Images were acquired using a Zeiss 203 or 403 Air PlanApochromat objective with six microscopic fields examined per region from three serial sections for a total of 18 microscopic fields that were averaged for each 4-6 animals per group.
Astrocyte-neuron coculture. Neurons were isolated from the striatum of 1-day-old C57Bl/6 mice as previously described (Carbone et al., 2009) and were grown for 4-6 days on poly-D-lysine-coated glass coverslips to permit axonal development and phenotypic maturation. Neurons were maintained in neurobasal media supplemented with B27, L-Glutamine and 1% 50 units/ml penicillin, 50 ng/ml streptomycin, and 100 ng/ml neomycin (PSN). Primary striatal astrocytes were isolated from 1-to 3-day-old C57Bl/6 and NOS2 À/À mice as described by Aschner and Kimelberg (1991) , modified according to our previous studies Moreno et al., 2008) and grown 184 STREIFEL ET AL.
18 days to maturity before use in experiments. Astrocytes were maintained in minimum essential medium with L-glutamine, supplemented with 10% heatinactivated fetal bovine serum, 1% PSN at 37°C with 5% CO 2 . After reaching confluence, astrocytes were subcultured onto permeable cell culture inserts (pore size ¼ 0.4lM) at 1 3 10 4 /well approximately 7 days before treatments. Astrocytes were exposed for 24 h prior to coculture with saline or 30lM MnCl 2 and 10 pg/ml tumor necrosis factor-a (TNFa), washed with PBS (pH 7.4), and then inserted over neurons in the presence or absence of 100lM 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) for 6 h. Thereafter, inserts containing astrocytes were removed, and neurons were assessed for multiple indices of apoptosis by live-cell fluorescence imaging. Caspase activity was determined using 100lM rhodamine-110 bis-(L-aspartic acid amide) (488 nm excitation), phosphatidylserine appearance on the cell surface was determined with 50nM annexin V-Alexa Fluor 647 conjugate, and nuclei were identified using the cell-permeable DNA stain, Hoechst 33342 (2lM final concentration in imaging medium). Using a 203 Plan Apochromat air objective, 10-12 fields per treatment were blindly captured by differential interference contrast and analyzed by sum intensity for fluorescent signal intensity, which was normalized to the number of cells in each field. Data were acquired and analyzed using SlideBook v 5.0 (Intelligent Imaging Innovations, Denver, CO).
Statistical analysis. Differences between treatment and genotype were accessed by two-way ANOVA. When interactions were significant, pair-wise comparisons were analyzed by Student's t-test. Histopathological scoring of glial pathology was analyzed by one-way ANOVA followed by Kruskal-Wallis post hoc test. In vitro studies, comparing three or more means were performed using one-way analysis of variance (ANOVA) followed by the Tukey-Kramer multiple comparison post hoc test using Prism software (v4.0c, GraphPad Software, Inc., San Diego, CA). Results are expressed as the mean ± SEM from a minimum of three independent studies and for all experiments, p < 0.05 was considered significant.
RESULTS

NOS2
À/À Mice Are Protected Against Mn-Induced Behavioral Disinhibition Neurobehavioral parameters were evaluated in order to determine if subchronic Mn exposure led to differential alterations in neuromotor function between wildtype and NOS2 À/À mice. Our previous studies in juvenile C57Bl/6 mice reported elevated novelty seeking and hyperactive behaviors following oral exposure to 30 mg/kg Mn from days 21 to 34 postnatal that correlated with increased levels of Mn in the ST and SN of these mice (Moreno et al., 2009b) . In the present studies, behavioral assessments in open-field activity chambers indicated that 50 mg/kg Mn in wildtype mice increased rearing movements after 14 days of exposure ( Fig. 1a ; p < 0.03). There was also a significant increase in the total number of movements ( Fig. 1b; increased rearing movements in Mn-treated wildtype mice compared with wildtype control (a). A significant increase was observed in total number of movements in Mn-treated wildtype mice in addition to a trend toward increase in the total distance traveled compared with wildtype controls (b and c). There was no change seen in margin time (e). There was no detectible change in any behavioral parameter in Mn-treated NOS2 À/À mice (a-f). In the elevated plus maze assay, Mntreated wildtype mice did not spend significantly less time in the open arms compared with controls. NOS2 À/À mice had no measurable difference between control and Mn-treated groups (f). *p < 0.05, **p < 0.01.
LOSS OF NOS2 PROTECTS AGAINST Mn TOXICITY
between control and treated animals in any behavioral parameter ( Fig. 1a-f ). We assessed anxiety-related behavior by the elevated plus maze assay, which indicated a trend toward decreased time spent in the open arms of the chamber in Mn-treated wildtype mice; however, these changes were not statistically significant (Fig. 1f) . In parallel with behavioral assessments, levels of catecholamine and monoamine neurotransmitters were determined in the striatum, including DA, 3,4-dihydroxyphenylacetic acid (DOPAC), 3-methoxytyramine (3MT), homovanillic acid (HVA), serotonin, 5HIAA, noradrenaline, and adrenaline. No differences were detected between any neurotransmitters or metabolites in wildtype or knockout mice (Table 1) . However, the HVA/DA ratio was decreased in wildtype mice exposed to Mn (p < 0.01) (Fig. 2a) , but no change was detected in the DOPAC/DA ratio (Fig. 2b) . In knockout mice, no significant changes in the HVA/DA or DOPAC/DA ratios were detected between control-and Mntreated groups. However, the HVA/DA ratio in both controland Mn-treated knockout mice was similar to values observed in Mn-treated wildtype mice. No change was observed the ratio of 3MT/DA in either genotype (data not shown). Levels of Mn were increased in the basal ganglia in treated mice in both genotypes but no changes were detected in iron or copper in any brain region evaluated (Supplementary table 1) .
Mn-Induced Glial Activation Is Not Directly Regulated by NOS2
Activation of astrocytes and microglia was determined using blinded pathological scoring by a veterinary pathologist based upon immunohistochemical staining for the astrocyte marker, GFAP (Fig. 3) , or the microglial marker, ionized calcium binding adaptor molecule (IBA1) (Fig. 4) , in the ST and SN. Morphologically, Mn treatment in wildtype mice caused a (Figs. 3a and b) , whereas astrocyte activation was increased in Mn-treated knockout mice in the SN (Figs. 3c and d) . In the ST of wildtype mice, Mn treatment caused an increase in the level of astrocyte activation (Fig. 3e) . Mn treatment in NOS2 À/À mice did not cause a significant change in astrogliosis in the ST but did cause an increase in astroglial activation in the SN compared with control NOS2 À/À mice (Fig. 3f) . Pathological scoring for astrocytic hyperplasia and hypertrophy indicated that astrocyte activation occurred in the SN of Mn-treated knockout mice despite lack of expression of NOS2 (Figs. 3c and d) .
Activation of microglia was also determined by pathological scoring based on immunohistochemical staining for IBA1, which is upregulated during inflammatory activation of microglia and macrophages. Sections were scored using morphological criteria according the methods used to analyze activation of astrocytes. In mice exposed to 50 mg/kg Mn, there was an increase in the number of activated microglia in the SN (Figs. 4a, b, and f) . The same trend was observed in the SN in NOS2 À/À mice (Figs. 4a, b , and f), whereas no change in microglial activation was detected in the ST following Mn treatment (Fig. 4e) .
Mn-Induced Neuronal Protein Nitration Is Attenuated in NOS2 À/À Mice Levels of neuronal 3NT protein adducts were assessed by immunofluorescence in wildtype and NOS2 À/À mice to determine the extent of oxidative/nitrosative stress resulting from Mn-induced production of NO/peroxynitrite (Fig. 5) . Overproduction of NO during conditions of oxidative stress can modulate the activity of dopaminergic synapses by inhibiting DA release, whereas under physiological conditions, NO facilitates DA neurotransmission (Trabace and Kendrick, 2000) . Representative low power images of 3NT immunofluorescence reveal extensive areas of peroxynitrite adduct formation throughout the striatum and cortex. Colocalization of 3NT adducts within neuronal soma was determined in the ST and SN by immunofluorescence (Figs. 5a-d ). Sections were masked on NeuN (green, fluorescein isothiocyanate), and the intensity of neuron-specific 3NT fluorescence (red, CY5) in colocalized images was determined in saline-and Mn-treated mice for each genotype. In wildtype mice, a trend toward increased neuronal 3NT adducts was observed in NeuNpositive soma in the ST, although this increase was not significant (Fig. 5e ). In the SN of wildtype mice, a significant increase in neuronal 3NT adducts was observed in Mn-treated mice that was prevented in NOS2 À/À animals (Fig. 6f) .
Astrocyte-Derived NO Mediates Neuronal Apoptosis
In previous studies, we demonstrated that astrocytes exposed to low levels of Mn and inflammatory cytokines induce apoptosis in cocultured neurons (Liu et al., 2005; Moreno et al., 2011) . We therefore exposed primary striatal astrocytes isolated from NOS2 À/À mice to 30lM MnCl 2 and 10 pg/ml TNFa (Mn þ TNFa) to determine whether loss of NOS2 expression in astrocytes would protect primary striatal neurons from apoptosis (Fig. 6) . Wildtype astrocytes were treated with saline or Mn þ TNFa, after which the treatment medium was changed to fresh culture medium, and astrocytes were cocultured with neurons for 6 h. Caspase-3 activation and annexin V staining were used as indicators of neuronal apoptosis and determined by live-cell fluorescence imaging. Wildtype astrocytes treated with Mn þ TNFa caused an increase in caspase activity and annexin V staining in striatal neurons (Figs. 6e and f) that was completely prevented when neurons were cocultured with similarly treated astrocytes isolated from NOS2 À/À mice (Figs. 6e and f). Astrocytes exposed to Mn þ TNFa displayed an activated phenotype that was characterized by stress fiber formation and hypertrophy of cytoplasmic processes, based upon immunofluorescence staining for GFAP and the high-affinity glutamate To further determine the etiological role of astrocyte-derived NO in Mn-dependent apoptosis in striatal neurons, wildtype astrocytes were exposed to Mn þ TNFa and then incubated with striatal neurons in the presence or absence of the NO scavenger, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO) (Fig. 7) . The addition of 100lM PTIO during the coculture period completely attenuated caspase-3 and annexin V staining in striatal neurons following incubation with Mn-treated wildtype astrocytes, whereas wildtype astrocytes exposed to Mn þ TNFa in the presence of vehicle control (dimethyl sulfoxide) caused large increase in the number of apoptotic neurons (Figs. 7c and d) .
DISCUSSION
Nitrosative stress is implicated in neuronal injury during Mn intoxication (Aschner et al., 2009) and aberrant expression of NOS2 by activated glia may be critical to this response by enhancing oxidative damage to neurons and promoting a cycle of neuroinflammation that ultimately leads to synaptic dysfunction, loss of neurons, and deprecations in neurological function Moreno et al., 2009a; Verina et al., 2011) . The present studies support this model because neurobehavioral changes observed in juvenile C57Bl/6 wildtype mice exposed to Mn were absent in NOS2 À/À mice (Fig. 1) . These results are consistent with previous studies that identify juvenile development as a particularly vulnerable time to Mn-induced behavioral dysfunction, associated with increased spontaneous movement, hyperactivity, and behavioral disinhibition (Brenneman et al., 1999; Moreno et al., 2009b) . Likewise, clinical studies associate childhood exposure to Mn with hyperactivity and behavioral disinhibition (Bouchard et al., 2007; Ericson et al., 2007) . The increased number of total movements and rearing movements observed in Mn-treated wildtype mice is consistent with Mninduced hyperactivity and with the observed decrease in the HVA/DA ratio in these animals. Protection against these Mninduced behavioral changes in NOS2 À/À mice suggests that overproduction of NO by activated glial cells plays a direct role in the observed alterations in neurobehavioral function in Mntreated mice. NOS2-deficient mice have a distinct behavioral phenotype characterized by increased susceptibility to stress, anxiety, and elevated corticosterone levels (Abu-Ghanem et al., 2008; Buskila et al., 2007) , which likely explains their baseline differences in locomotor activity compared with congenic wildtype controls. The glia in these mice have previously been shown to have significantly elevated levels of NOS activity in the neocortex through calcium-dependent isoforms (NOS1 and NOS3) (Buskila et al., 2007) , which also likely contributes to baseline changes in neurobehavioral function. Although there were changes in locomotor function and neurobehavioral activity in Mn-treated wildtype mice, neurotransmitter levels were unaltered by exposure in either genotype (Table 1) . However, there was a significant decrease in the HVA/DA ratio (Fig. 3) , suggesting either a decrease in DA catabolism or an increase in DA release. We previously reported that mice orally exposed to 30 mg/kg Mn during this period of juvenile development had increased striatal DA levels (Moreno et al., 2009b) , whereas adult mice orally exposed to 100 mg/kg Mn for 8 weeks displayed loss of striatal DA , suggesting a biphasic response where low-dose or short duration exposure to Mn causes an increase in synaptic release that causes increased DA turnover and neuronal injury over longer duration exposures. These earlier studies also reported that juvenile mice exposed to 30 mg/kg Mn had a decrease in the DOPAC/DA ratio in the striatum that was not observed in adult animals exposed to the same dose of Mn for 8 weeks (Moreno et al., 2009b) , suggesting that DA catabolism or synthesis is more vulnerable in juveniles than adults. Similarly, in the present studies, we observed a decrease in the HVA/DA ratio in Mn-treated wildtype mice that was prevented in NOS2 À/À mice, which could explain the locomotor differences between the two genotypes. Additionally, Mn can directly increase the activity of tyrosine hydroxylase (TH) (Zhang et al., 2011) , which could also explain the decrease in the HVA/DA we FIG. 6 . Astrocyte-derived NO mediates neuronal apoptosis. Apoptosis was determined in primary striatal neurons by live-cell fluorescence imaging of phosphatidylserine (annexin V, red) and caspase-3 (green) after 6 h of coculture with astrocytes that had been treated for 24 h with 30lM with Mn and 10 pg/ml TNFa. Representative images are depicted of neurons cocultured with control and Mn-treated astrocytes cultured from wildtype (a-b) and NOS2 À/À (c-d) mice. Mn-treated wildtype astrocytes cocultured with neurons caused an increase in caspase activity (e) and annexin V staining (f). Mn-treated NOS2 À/À astrocytes had no change in levels of caspase activity or annexin V staining. Scale bar ¼ 10 lm. **p < 0.01 and ***p < 0.001.
FIG. 7.
Chemically scavenging NO prevents apoptosis in striatal neurons co-cultured with wildtype astrocytes exposed to Mn and TNFa. Striatal astrocytes cultured from wildtype mice were exposed to 30 lM with Mn and 10 pg/ml TNFa for 24 h and incubated with striatal neurons in the presence or absence of the NO scavenger, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO). Representative images are shown from neurons cocultured with control (a) and Mn-treated (b) wildtype astrocytes in the presence of PTIO, which prevented both caspase activation (c) and annexin V staining (d). Scale bar ¼ 10 lm. ***p < 0.001. LOSS OF NOS2 PROTECTS AGAINST Mn TOXICITY observed in Mn-treated wildtype mice. Excess NO that occurs during neuroinflammation alters dopaminergic neurotransmission and regulation of locomotor activity in the striatum (Del Bel et al., 2005; West et al., 2002) , possibly through inhibition of DA reuptake or synthesis (Kiss and Vizi, 2001; West et al., 2002) . These data suggest that age and duration of exposure to Mn are important factors in modulating behavioral outcomes and neurotransmitter metabolism in the basal ganglia, in part through modulating the extent of neuroinflammatory production of NO by activated glia.
Gliosis was determined by immunohistopathological examination of GFAP and IBA1 protein expression in the basal ganglia. In wildtype mice, 50 mg/kg Mn caused a significant increase in activation of GFAP-positive astrocytes in the striatum and decreased astrocyte activation in the SN (Fig. 3) . We previously observed a similar trend toward a decrease in GFAP staining in the SN at 30 mg/kg Mn in juvenile mice (Moreno et al., 2009a) , suggesting the basal level of proliferative activity of astrocytes is inhibited by Mn exposure during postweaning juvenile development, a period during which a high level of astrocyte proliferation occurs (Rice and Barone, 2000) . These findings indicate that the effects of juvenile exposure to Mn could result in lasting dysfunction in the development of the SN that could promote greater susceptibility to secondary neurotoxicant exposures during adulthood, as we previously reported for Mn (Moreno et al., 2009a,b) . Excessive NO has cytostatic effects on neuronal growth, and it is possible that proliferating astrocytes respond similarly with a reduction in growth due to Mn-induced NOS2 activity that could have a lasting impact on affected brain regions (Peunova and Enikolopov, 1995) . In NOS2 À/À mice exposed to Mn, there was a significant increase in GFAP activation in both the ST and SN, indicating that astrocyte activation still occurred despite loss of function of NOS2. This suggests that glial-derived NO is critical to Mninduced neurological dysfunction because alterations in both neurobehavioral function and neurochemistry were prevented by gene deletion of NOS2 despite the increase in astrocyte activation.
The progression of Mn neurotoxicity has also been associated with activation of microglia and subsequent release of inflammatory cytokines and NO (Verina et al., 2011) . Notably, we observed an increase in abundance of IBA1-positive microglia in the SN with Mn treatment in both wildtype and NOS2 À/À mice (Fig. 4) . Microglia are particularly dense in this region (Lawson et al., 1990) and the observed activation of microglia following Mn exposure is consistent with earlier studies from our laboratory, which reported a similar increase in microglial activation in juvenile mice exposed to Mn at 30 mg/kg Mn (Moreno et al., 2009a) . Collectively, these data indicate that gene deletion of NOS2 does not alter microglial activation in Mn-treated mice but rather differentially affects activation and proliferation of astrocytes in the basal ganglia. This finding supports a direct role for activated glia in neuroinflammatory injury and nitrosative stress following Mn exposure.
Mn-induced activation of astrocytes and microglia results in increased levels of NOS2 and NO (Bae et al., 2006; Moreno et al., 2009a; Verina et al., 2011) . However, glial activation in NOS2 À/À mice exposed to Mn did not increase neuronal protein nitration compared with saline controls (Fig. 5) , indicating that NOS2 is responsible for elevated levels of nitrosative stress and peroxynitrite formation in Mn-treated mice. These results support that nitrosative stress in the basal ganglia is an important pathological feature of Mn neurotoxicity that influences neuronal injury and locomotor activity in exposed mice. Elevated baseline levels of 3NT adducts in NOS2 À/À mice are likely due to compensatory increases in NOS1 and NOS3 activity, as previously reported for these mice (Buskila et al., 2007) . Nitration of tyrosine residues inhibits the enzymatic activity of TH, which can alter dopaminergic neurotransmission in response to MPTP treatment (Ara et al., 1998) . A similar mechanism may underlie the changes in neurobehavioral function observed in Mn-treated mice because ablating NOS2 prevented increases in NT-labeled proteins in Mn-exposed knockout mice and reversed the behavioral changes that occurred in Mn-treated wildtype animals.
Coculture studies using primary striatal astrocytes and neurons indicated that wildtype astrocytes exposed to Mn and TNFa caused apoptosis in striatal neurons (Fig. 6 ) that was inhibited by NOS2 À/À astrocytes, indicating that NO is required for astrocyte-mediated neuronal injury. These findings confirm our previous observations that pharmacologic inhibition of NOS2 in Mn-and cytokine-treated astrocytes prevented apoptosis in PC12 neurons (Liu et al., 2005) . Glialderived NO causes neuronal injury in part by inhibiting mitochondrial Complex IV, resulting in loss of ATP and increased production of superoxide (Bal-Price and Brown, 2001; Brown and Neher, 2010) . The present data suggest a similar mechanism because the NO scavenger, PTIO, prevented neuronal apoptosis following incubation with wildtype astrocytes stimulated with Mn and TNFa (Fig. 7) . These data are consistent with our previous findings that Mn promotes NOS2 expression in astrocytes in orally exposed mice associated with neuronal apoptosis in striatal and pallidal interneurons expressing enkephalin, ChAT, and NOS1 . In summary, these studies demonstrate that juvenile mice lacking functional NOS2 are protected from Mn-induced locomotor dysfunction and glial-mediated nitrosative stress, indicating that production of NO by activated glia contributes to neurotoxicity. Further studies are necessary to determine the temporal pattern of NOS2 expression in astrocytes and microglia as well as the cellular signaling mechanisms leading to inducible expression of NOS2. It will also be important to understand how the activation of NOS2 during juvenile Mn exposure may enhance susceptibility to secondary exposures and neurological disease during aging.
